Epitaxial Ti 3 SiC 2 (0001) films were deposited on 4° off-cut 4H-SiC(0001) wafers using magnetron sputtering. A lateral step-flow growth mechanism of the Ti 3 SiC 2 was discovered by X-ray diffraction, elastic recoil detection analysis, atomic force microscopy, and electron microscopy. Helium ion microscopy revealed contrast variations on the Ti 3 SiC 2 terraces, suggesting a mixed Si and Ti(C) termination. Sirich growth conditions results in Ti 3 SiC 2 layers with pronounced {11 2 0} faceting and off-oriented TiSi 2 crystallites, while stoichiometric growth yields truncated {1 1 0 0} terrace edges.
Silicon carbide (SiC) is a wide bandgap semiconductor with high breakdown field and high thermal conductivity; it therefore finds applications in devices and sensors for operation at high power and high temperature [1] [2] [3] [4] . In such electronic device applications, a challenge is the formation of ohmic contacts to the SiC, as well as the durability of the contacts when operated at elevated temperatures. High-temperature annealed Ti/Al contacts on p-type SiC have been reported to form Ti 3 SiC 2 [5] [6] [7] [8] , which is suggested to contribute to the ohmic behavior of the contacts [9] [10] [11] .
Formation of Ti 3 SiC 2 and subsequent ohmic behavior has also been reported for hightemperature annealed Ti-based contacts on n-type SiC [12, 13] .
Ti 3 SiC 2 is an inherently nanolaminated material that combines metallic properties such as high thermal and electrical conductivity with ceramic properties like being resistant to thermal shock [14, 15] . Furthermore, Ti 3 SiC 2 and 4H-SiC are tie-line phases with a relatively good lattice match of the basal planes. Thus, Ti 3 SiC 2 is an interesting ohmic contact material to SiC, and since epitaxial growth by direct deposition of Ti 3 SiC 2 onto SiC using vapor deposition offers more control than annealing, it is a promising technique for easier realization of an ordered and stable structure.
We have reported elsewhere [16] that epitaxially grown Ti 3 SiC 2 can form ohmic contacts to n-type 4H-SiC. The chemical nature and morphology of Ti 3 SiC 2 (0001) layers on SiC is, however, not known, but are likely factors influencing the ohmic contact formation to SiC. Emmerlich et al. reported the synthesis of epitaxial Ti 3 SiC 2 (0001) thin films using DC magnetron sputtering from three sources onto on-axis MgO(111) and Al 2 O 3 (0001) substrates, and suggested that Ti 3 SiC 2 grows in a step-flow mode where the steps on the surface are provided by threading screw dislocations [17] .
Here, we investigate the growth of Ti 3 SiC 2 thin films on 4° off-cut 4H-SiC using DC magnetron sputtering from three sources. We find that the Ti 3 SiC 2 grows epitaxially by a step-flow mechanism determined by the existing surface steps of the SiC substrate, in the absence of screw dislocations. The Ti 3 SiC 2 layers exhibits a mixture of half, full, and multiple unit cell high steps. Si-supersaturation growth conditions results in growth of steps with {11 2 0} faceting, while stoichiometric conditions yield {1 1 0 0} step truncation. Helium ion microscopy studies reveal differently terminated terraces.
4H-SiC(0001) wafers, n-type, Si-face, 4° off-cut, from SiCrystal [18] , were used as substrates. The micropipe density of the wafers is <10 cm -2 . On top of the 4H-SiC, epi-layers with Al and N doping atoms for the p-and n-type, respectively, were grown by Acreo [19] , using chemical vapor deposition. Prior to deposition, the substrates were ultrasonically cleaned in acetone and isopropanol for 5 minutes each.
The substrates were then blown dry in N 2 gas and immediately loaded into the ultrahigh vacuum magnetron sputtering system. The substrates were heated to the deposition temperature of 800 °C, and left to stabilize at that temperature for 1 h.
Immediately before deposition the substrates were plasma etched for 30 minutes to remove any surface oxide on the SiC. Plasma etching was performed through operating the Ti-target at 25 mA in high purity Ar discharges, while applying a negative bias of -50 V to the substrate. The Ti 3 SiC 2 films were grown using high purity C, Si, and Ti targets as described elsewhere [17, 20] , with the difference of a 50 As-deposited films were characterized by θ-2θ X-ray diffraction (XRD) measurements, performed in a Philips PW 1820 diffractometer with Cu Kα radiation, operated at 40 kV and 40 mA. The instrument was aligned using the (0004) SiC substrate peak giving an offset of ~4° due to the SiC substrate being cut 4° off axis.
Surface morphology was investigated using secondary-electron images from a Leo 1550 Gemini scanning electron microscope (SEM), using a 5 kV accelerating voltage, and helium ion microscopy (HIM), using an ORION PLUS microscope from Carl Zeiss SMT. Plan-view images were obtained using 30 keV He + ions. The imaging was performed by detecting secondary electrons, using an Everhart-Thornley detector.
Prior to observation the sample was plasma cleaned. A Dimension 3100 atomic force microscopy (AFM), was also used to investigate surface morphology. Cross-sectional samples for transmission electron microscopy (TEM) using a Tecnai G2 TF20UT FEG, were prepared using standard preparation methods. Elemental depth profiles of the as-deposited films were performed using time-of-flight elastic recoil detection analysis (ToF-ERDA). Here, a 40 MeV 127 I 9+ beam was directed to the films at an incident angle of 67.5° with respect to the surface normal, and the recoils were detected at an angle of 45° [21, 22] . [24] . Another possible explanation is the presence of small amounts of TiC in the film. For both samples, oxygen was only found at the surface of the Ti 3 SiC 2 films; no oxygen was found throughout the films or at the interface between the SiC and the Ti 3 SiC 2 . The absence of oxygen at the interface shows that the plasma etching made before deposition is successful in removing the native oxide of the SiC substrate, which is important since interfacial oxygen has a detrimental effect both on the specific contact resistance, and the stability of ohmic contacts. higher Si-content sample in addition exhibits holes in the plate-shaped Ti 3 SiC 2 layers in which polyhedral grains have grown as described below. The off cut of the SiC substrate provides growth steps for the Ti 3 SiC 2 . This is in contrast to nucleation of Ti 3 SiC 2 assisted by threading screw dislocations, as observed for growth of Ti 3 SiC 2 on Al 2 O 3 (0001) [17] .
The Ti 3 SiC 2 layers attain a close to perfect hexagonal growth pattern of lowenergy {11 2 0} step facets under Si-rich growth conditions (the 160 mA sample).
For stoichiometric conditions (80 mA sample), however, the growth steps are rounded from {1 1 0 0} truncation. These results indicate that Si supersaturation is required to maintain equilibrium-shape steps. A reason for this may be the relatively weak bonding of Si in the Ti 3 SiC 2 and its tendency to leave the crystal on the exposed a planes [25] . Further support of this reasoning is the known fact that substantial Si supersaturation is required to nucleate Ti 3 SiC 2 in thin film growth experiments [17, 26] . It is therefore reasonable that also the crystal shape can be influenced by the Si content.
The surface morphology of the 80 mA sample was also investigated using helium ion microscopy (HIM). Primary benefits of the HIM are a smaller probe size and smaller sample interaction volume in the sample, as compared to electrons in a SEM, allowing for significantly higher image resolution. In addition, it has an enhanced surface sensitivity, the secondary electron yield is higher providing a better elemental contrast, and the depth of focus is larger. The images thus provide more detailed information on sample topography and material contrast as compared to SEM imaging [27] [28] [29] . The HIM images in Figure 2 (111) substrates [17] . The ideal shape of a Ti 3 SiC 2 crystal is a flat hexagonal prism with six {11 2 0} side faces and two {0001} basal faces [30, 31] .
This agrees with the {000l} morphology with {11 2 0} step facets that we observe in XRD and in the SEM images of our samples, as well as observations by Tsukimoto et al. [9] , on Ti 3 SiC 2 layers formed by high-temperature annealing of TiAl-based ohmic contacts on 4H-SiC.
The nature of the grains situated in holes of the plate-shaped layers in the 160 mA sample (see Figure 2 (b)), was investigated using transmission electron In summary, we have grown epitaxial Ti 3 SiC 2 films on 4° off-cut 4H-SiC(0001) using the direct deposition method of DC magnetron sputtering from three separate targets. The growth mode of Ti 3 SiC 2 epitaxial layers is lateral step-flow with the propagation of (0001) terraces.
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